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ABSTRACT

A metallursical exemination was conducted on twelve (12)

21" thick rolled homogenecus and sixteen (16) 25%.thick rolled
face hardened armor plates manufactured by Carnecie-Illinois
Steel Corporation_on 0CO-D Project 1558, The results of this
investigation indicate that, in ceneral, the §tesl Soundnsss
of the face hardened plates was inferior to that of the homo-
geneous plates, n this connection, the face hardened plates
Jhad more pronounced directional properties than the homogeneous

lates.  The average Brine ardness of the homozeneous plates
gﬁi’QH?:EE?T""THE§§§érage'ﬁfinelggﬂg;aﬁﬁ§% of fﬁe”fazé\ﬂigﬁ:—‘
ened series wae found to be face, U65-690, and core 208-243,
The depth of the effective case at Rockwell C 50 voried from
.26’2?ﬁ0”7in from the face of plate (10 plates tested) while

in two face hardened nlates the case depth was .09f;.16€21n
from face of plate, In general, the homogeneous and face
hardened plates were properly heat treated resulting in

fidbrous fractures, good Venotch impact properties and a sat-
isfactory microatructure.‘i

1, As requested by the Ordnence Research Center, Aberdeenl. net-
allurrical examination hes been completed on twelve samples of 23" thick
rolled homogenecus armor and sixteen samples of 24" thick rolled face
hardened armor plates manufactured by the Carnegie-Illinois Steel Corp-
oration on 0CO-D Project 1558, Due to the fact that the first set of
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sixteen face hardened sections were cut from the edge of the plates, it
was impossible to determine an accurate measurement of depth of case, It
was observed that near the edgze of the plate the case decreased in thick-
ness to a marked degree., It was, therefore, recquested that another set
of sixteen face hardened sections be forwarded to this arsenal for
accurate case depth measurements and that each section be cut from near
the center of the ballistic test plate. In reply to this request only
twelve semples were submitted. Sections from plate Nos, 4l-3/8, 41-3/4,
41-13/16 and 441 were not available for examination. It was reported
that the ballistic properties of the face hardened plates were inferior
to those of the homogeneous plates,

2. ' The purpose of this investigation was to conduct an examin~
ation of the ssmples to determine if there was a metallurgical variation
among the homogeneous or the face hardened plates that might affect the
ballistic results.

3. The plates under investigation are listed as follows:

23" Thick Rolled Fomogenoous Plates 24" Thick Face Hardened Plates
11A ' 41 1/16
21A 41 1/8
213 ' 41 3/16
21C wo1/4%
21D b1 5/16
314 41 3/8
11B 41 7/16
1A 4 1/2
41B 41 9/16
y1c : 41 5/¢
1o : ' 41 11/16
51B : 4 3/

41 13/16

W1 7/8

1 15/16
W

4.  The results odtained from tests conducted on the twelve homo-
geneous plates indicated that five rnlates had a steel soundness rating
of "D" while the remainder had "B" and "C" ratings. With the exception
of one sample which showed &z trace of crystallinity all samples ware
properly heat treated, Generelly speaking, the face hardened plates had
more pronounced directlional properties thab the homogeneous plates as
shown by V.notch impact tests =nd tensile tests, It was noted that the
face hardened plates exhibited various degrees of "woodiness" in the
fractures nade on sectinns near the edges of the plates. In one case
a "D" rating wds observed in a center section of a face herdened plate
while the remaining center sectioans had "B" and "C" ratings., The
carburized cases exhibited a fine silky fracture. The homogeneous plates
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and the face hardened plates were properly heat treated as shown by the
satisfactory V-notch impact properties at -LOPF.  The homogzeneous plates
were heat treated to a Bringll hardness range of 247-262, The Brinell
hardness of the face hardened plates was as follows, face hardness, 465-
690, and core herdness, 208-243, In general the face hardness near the
center of the carburized plates was slishtly lower than the face
hardness near the edze of the plate while the core hardness near the
center of these plates was slizhtly hisher than the core hardness near
the edge of the plates. In a series of ten face hardened vlates the
effective case depth to Roclwell C 50 varied from .26" to ,20" in from
the face of the plate. In two face hardened plates, however, the case
depth to Rockwell C 50 was only .09" to .16". Furthermore, the case
depth to Rockwell C U0 varied from .58"to .80" in from the face of the
platez.. The micrestructure of the homozeneous plates consisted of
tempered martensite, The carburized cases of the face hardened plates
were falrly free from pronounced carblde segregations while the cores
had a structure similar to that of tempered balnite,

5. The metallurgical examination consisted of the following testas

8. Chemical analyses of selected vrlates,
b. .Fibre fracture test.

¢. Fracture test for steel quality,

d. 3rinell hardness surveys,

.. Rockwell C hardness surveys.

f. Y-notch pha:py impact tesats.

g. Tensile tests.

h, Micrcscopic examination,

6. The results of the metallurglcal examinrtions are as follows!

‘a. Chemical Analyses. Chemical anelyces of representative
samples ere siven in Table I,

b. Fibre Fracture Test, Fibre fractur: tests were made on
proverly notched sections ond the steels rated wiih recpect %o their
heat treated condition, the results of which are siven in Tables IV and
Y. All of the face hardened vlates fractured ir : fibrous manner and
all excapt one of the rnllel homogeneous vlates were fibrous, The
carburized cases were silky,
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£. Fracture Test for Steel Quallty. The rssults of this test
indicated that of tne rolled homogencous plates, five had a stael soundness
raticg of "D" while the ramainder were satisfactory, The samples removed
from the edge of the face hsrdaned vlates exhibited various degrees of woodi-
ness. The central araas of these face hardened plates did not exnhidit tals
woodinesa %o such a pronounced degree as noted in the adges, Cne sampls,
Lo, 41-5/16 exnibited a "D" fracture in the central arsa of the plate. Tke
results of the fracture tasts are given in Tadles IV and V,

S. Briaell Bardness Surveys, Brinell hardness readings were
taken on the surface ana cross section of the homogeneous plates. Cn the
fuce hardened seriaz, Brinell readings were taken on the face and cross sec-
tioms of thne core., 4ll readalngs were equizistantly spaced throughout tae
gections tested. Ths hardness values are listsa in Tables II and III., 1t was
noted, in most of the face hardened plates, that in the core haranesses taken
on samples frow the edge of tha plates the immedlate centar of the core had
a Brinell hardness which was 20-30 points higher than the rest of the saction,
This may be due to metallic segregation present in the center of the cross
section,

&. hockwell © Herdness Surveys. KRockwell C surveys were made at
.05" intervals across thke carpburized zone, gee Figures 1 and 2. The cuse
depth to Rockwell C LC varied from .5%% to .80" in from the face of the plate.
The case depth to Rockwell C 50 which may be termad the effective case varied
from .26" to .LO" in from the face of the plate. In two fsce hardened vlates,
however, the caisc aepth to Rocikwell C 50 was only ,09" to 15",

L. V-Hotch Charoy Impuct Tesis. The results of ths V.notch Charpy
impact tesis mads on representative samples taken in longzitudinal and trans-
verie directions of the homogencous and face hardened plates are given in
Tablea 1V and V. The values obtained indicate that the plates were properly
heat treated and correlate with tke results received in the fidbre fracture test.
Generally speaking, the face uLesrdened plates had more pronouncsd airectional
properties than tae homogensous plates as shown by Venotch impact tasts.

i
&+ Jensils Tests. Tensile tests made in the longitudinal and

transverss directions on esamples are given in Table VI. The rasults of thesse
teets Indicate that tae face hardened plates exhidbited graater directional
vroperties than the homogeneous nlates,

h. JMicroscoplc Zxamination. The pronounced "woody" conditiosn
noted near the euge of somea of the face hardsned nlates was assoclatea with
a sagregation of aluminu atreaks. Face nardened plates which only exhidited
a trace of woodiness near tne edge contained a seriss of short fine manganese
sulphide inclusions. The central areas of the fuce hardenea plates contained
occasional sulphide-silizate nommetallic inclusions. <o marked segregation
of nonmetallic inclusions was det:cted in tae series ¢ homogeneous plates.
aApparently the directional properties noteda in the face hardensd plates were
associated with the elongated nonmetallic inclusinns dmtected in thsess samnles,
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The microstructure of the rclled homogerneous plates ie typlcal of tempered
martensite, The microstructure of the outer cases of the carburized platee
consisted of some excess fipe cartides in a martepsitic matrix whereeg in
the inner cases the carbides were of the glohtular type. This correlates
with the silkiness of the carturized cases ottained wher fractured., The
micrestructure of the coree consisted of a uniforz distritution of fine
carbides in a matrix similar tco tempered bainite., Photcmicrogrephs are
presented which illustrate typlical microstructures of the outer and inner
carturlized cases and cores of the face hardered plates, see Figures 3 arnd 4.

\M.Tf{w

M. Yoffa
Phys, Sci. Ailde

"E, L. Reed
Regsarch Metallurgist

Acting Chief, Armor Sect.
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TABLE II

Results of Brinell Hardness Survey Conducted on 22" Thick

Rolled Homogeneous Armor Plates

Plate Surface Hardness Cross Seetion Hordnegs

o, | _Range  Average Bange Aversge
114 255 255 2148255 253
214 255262 261 255-269 262
21B 262-269 263 255-262 258
21¢ 255-262 260 ‘ 255=262 ‘258
21D - 262-269 267 262-269 | 263
314 255=262 258 2u48~255 253
3B 255-262 257 218262 255
y1a 2y8-255 251 241-255 247
113 24g.255 251 248255 251
41c 2148;-262 257 - 241.255 250
41D 248-255 253 241255 29

51B 255-269 264 255-269 259




TABLE I11

Results of Brinell Hardness Survey Conducted on 23" Thick Rolled

- Plate
No,

41 1/16
41 1/8
41 3/16
by 1/4
W1 5/16
41 3/8
41 7/16
W 1/2
41 9/16
41 5/8
1 11/16
41 3/4
11 13/16
¥ 7/8
41 15/16
¥y

Pace Hardened Armor Plates

Face Crogs Section of Core
Center Edge Center Edge
_Bange Ave,  _Range Ave,  _Range Ave. _Bange Ave,
661-627 607 653 653 223-229 226 207-229 212
01 601 555-601 §70 217-223 220 217 217 |
601 601 - 555-578 563 223.229 225 217-223 218
627 - 627 | 534-555 549 2u1-248 243 223.229 226
195-555 518 627=653 6Lk 229-235 231 217-229 223
— = 534501 563 — e 217 217
601 601 555-601 584 223.255 233 207-212 211
653 653 653 653 2231.235 271 217-223 221
555-578 560 627-682 654 212.229 219 223.229 225
578 578 €01-653 627 212-229 216 212-217 215
LI 477 L6 f21 627 2y 21 212.217 215
——— = 601-627 618 — w—— 212.223 228
—_—  ae= 6B2-T12 6% —— = 212223 216
514-534 522 653-712 682 229235 233 207-212 208
601-627 617  627-653 6k 212-255 230  207-223 211
— Fll=601 572 B 207-217 212




TABLE 1V o e

Sunmary of the Results of Tentc Conducted on 24" Thick Rolled ﬂoﬁd{{g\_aoun y,
. ®¥. _Eéﬁ'Cham
No, Fibre Jteel Quality  Aive, Cross Secrisnol =0 Jirection of Folliny <Xt /Ibs,
Lorngitudinal LT T1°.8
114 s} B 253 Transverse; . & E 51.7
' L T3
214 F B 262 54,1
21B F c 258 -
218 F c 258 —
- ‘ . 3 263 ~ ——
Longitudi;;l’, . 7.7
1A ¥ D 253 Trensverse:. = 61.L
31B F c 255 ' o
K14 F D L7 -— . -
§1B F B 251 —_— -
Longitudtnal  80.6
Lic F D 250 Transverse . 62.3
41D F D , 249 —_— -
. Tr, of : 3 :
518 j"'crys,ta..'l.l1.n11;y ¢ 259 —_— T -

**F-. Fibrous - - .
" Hvals tedtoreen s Peeien T ter pepe miduall of the plates,. . -
Midwall indicates & positlon halfway bDetwsen the center and surfate of the plate.




TABLE 1V -

; Conducted on 24" Thick Rolled Hodogensous Armor Flates
- TR

. B i -
R B .

. ‘V.}lc"tch Charoy Impnct Teete B
B £10°F -LO"F
nnl 217 Jirectisan o? ".’.gtl‘lin["»r- '-f:}"t,ALbsL Fracture Ft./l‘!’ﬂ* Fractire
Lorgitudinal i 1.8 F 71.3 F
Transverse; - & 517 F 55.0 F
LT3 F 69.8 v
54,1 F 51.9 F
Longitndmal T 47 F _Tr,woodiness 71,3 F
Trensvereef X 61.4 F 56.4 F
Longitudim 80.6 F-some woodiness71.3 F-coma woodliness
Transverse : 62,3 F 59.6 F
'f the plates,. -
'nter and surfm of thn *plate. 3




Jppery gf depulis of loxhy Vopdneied
*ase Dephh , - S st
R Y _E‘II;'EQQQ! o_ZTests ‘ SHardness 5
. Re  Ret S - Stesl Gnality Ty e T }_gﬁ,_mﬁ
Samplo No. N0 90, _Gore = Oasy __Edge _  Center of Cage _ B B
H1/16 ;e yge Mirous Sy nm&“ "B 54,5 226
. . modarate '
W 1/8 +J0* .38% Fbroms Sty 3 0N 3 56.5 220
‘ derat
1 3/16  .58% ,36% Fibrous Silky B::od)" ¢ B 55.0 225
derate
L1/ JE0%.. (364 FDrows Sily B 20- B 57.5 243
” . pronounced ‘
1 5/16  .58% .09* Pibrous Silky B woody 2 50.5 20
- . _— . prvnouncad - _
L1 3/8 . | woody -
41 7/A6  .68" .30" Fibrous Siliy B ::g"d;“" B 55.5 233
N1 1/2 -80° .2" Fibrous S5ilky B :ggg;‘““ B 56.5 231
k1 9/16  .58* .16 Fivrous Silky © ﬂﬁnd;un“d ¢ 53.5 aig
' pronounced j
Ly 5/8 63"  .3* Rbrous Silky 3B voody 54,5 216
: = proaounced
41 11/16 .g0* Fidrous Silly 3B ( - B 50.0 2
- — _ _ pronounced  _ ___ _
b o3/y B oo iy
' i
W 13/16 - - - -—C Eizgg‘m“ - — -
pronownced Kl.n
41 7/8 659 26" Pibvrous Silky 3B oody 3 oF 213
N1 15/16 .64 Mo Fibrous siliy © 5:3’;;““""1 c 56.0 2%
zoderats
W41 - - - - B woody - - -

50TEK: V-notch Charpy bars were taken from mldwall section of plates. Midwall in face harden

*Jamples taken from central areas of ballistic test plats,
*sSamples taken from areas near edge of ballistic test plate,



anger of Cage BHN Ro Converted Rolling
B 54.5 226 19 -
B 56.5 220 18
B 55.0 225 A9
B 57.5 243 23
D 50.5 21 21
®*Longitudinal
.7
B 555 233 a.5 o*Longi tudinal
**Transverse
3 56.5 231 21
,*Longi tudinal
' * Irangverse
¢ 53.5 219 17.5
, **Longitudinal
. $*Pransverse
B 5k.5 216 17.5
B 50.0 2 23
B 5 oz 233 21‘5
**Longi tuiiral
c 56.0 236 20.5 _,mong =
aGnaverse
/. . - . **Longituwiinal
:y ssYransverse

185.2 Fi{drov
70 ¥ibrou
103.2 Fbrou
65.6 Fibrou
13.3 Fidrous (wo
]+6 6 Pidrous (hrh
* of laning

98 Fivrous (uroke
-3 of lanira
67.6 Fibrous (wo
177.C Fibrous (wot
Tho Fidrous (obe
*e of lanminat

1l12.2 Fidrous (tr of wo
Zitrouws

2tion of plntes,

:«..t plato.
o teet platae,

Midwall in facs hardened plate refers tc a position halfway between the cante



. sra lMIA b AU

o YoNogeh Charpy Impact Tesis

{rection of +JO°F. -ho°r, )

Rolling rt/Lbs, Fracture It Lbs, agture
Zongituilnal  206.2 Fibrous 101.6 Fibdrous
iransverse 67.5 Fibrous 65.6 Fidroue
Longitudinal 103.0 Fibrous 113.7 Fidrous
Transversa 65.6 Fibrous 67.5 Flhrous (woody)
longltudizal  131,3 Tibrous {woody) 90.3 Fitrous (woody)
~sngvera 6.5 Fibrous (broken ernds 47.5 ¥ivrous (broken ends
~-anuyerse : of laminations) . of ](.amlnations)
omed bl og. Fivrous (broken ends 8. Fidrous (broken ends
e § 98-5 of lamirntions) 98.5 of laminntions)
~Ten3Verss 67.0 Fidrous (woody) 67.5 Fivrous (woody)
Longitudinal  227.C Mbdroue (woody) 99,5 Fiorecus (woody)

N oy, 2 Fidbrous (broken ends & 6 Fibrous (brelzen ends
wrullsvLTee (e of laminztions) J of lexsinations)
Longituciaal 112.2 Fibrous (tr of woodiness)  112.2 Pidreus
fransverse Pibrous x 77.6 Fidbrous

%0 & position haliway between the canter and rear fage.

* ole

la



TABLE VI

Pengile Tests

_. Test Bar .35]" Dismeter

Plate No. Type Test Specimen Direction  Lbds./Sg.In. Lbsg Sg.1n.
il Homogeneous ‘Midwall Longitudinal 105,500 12%,000
1la Homogeneous Midwall Pransverse 106,500 125,500
2A Homogeneous Midwall Longitudinal 110,000 128,000
2la ~Homogeneous Midwall Transverse 109,500 130,500
31A Homogeneous Midwall Longitudinal 107,500 125,500
31a Homogeneous Midwall Iransverse 107,500 125,000
410 Homogenecus . Midwall Longi tudinal 103,750 123,000
i Hemogensous Midwell Transverse 103,120 122,500

41 7/16  Fece Hardened Midwall *Lorgitudinal 100,000 135,000
L1 7/16  suce Eardened Midwall *Transverse 114,000 157,000
4 7/16 Face Hardened  Midwall  *sLongitudinal 0,000 105,000
11 7/16 Face Harcened Midwall **Trangverse 82,500 106,000
41 9/16 Face Hardemed - Midwall *Longitudinal 93,500 131,500
41 9/16 Face Hardened Midwall sTIransverse 87,500 125,000 -
41 g/16 Pace Hardened Kidwall *e¢Longitudinal 80,000 107,900
41 9/16 Fuce Eardened Midwall *sTransverse 84,500 108,800
41 15/16 Face Hardened  Midwall  **Longitudinal 77,500 102,000 .
41 15/16 Face Hardeued Midwall s*Trangverse 80,500 100, 900
B Face Eardened  Midwall  ®*Longitudinal 80,000 104,000 -
Y41  Face Hardened Midwall - **Trangverse 83,750 106,000 °

§Ourx: Midwull indicates a position halfway between the center and suriace of the P
hldwell in face hardened plate refers to a position halfway between the cent
®3omples tuken from central areas of ballistic test plate.
*?owzples taken from areas near edge of ballistic test plate.



TABLE VI

Tenglle Testa

Test Bar .35]" Diameter

ion of Y.s. T.5. ® »

tacimen Directlon  Lbs./Sq.In. Lbs./3q.In. _51., R.A. Average Cross-Sectional BHN

wall Longitudinul 105,500 124,000 22.1 b6u.h 253

woard Trunsverse 106.500 125.5"1) 20.0 5809 <«

=il Longitudinal 110,000 128,000  20.7 63.7 ‘.

) Prinsverse 109,560 136,500  20.C 38.9 ez

sall Longitudinal 107,500 125,500  20.7 b62.C 258

rall Tr.nsverse 107,500 126,000  20.C 59.6

fwall Longi tudiaul 103,750 123,000  ci4 63.7 250

vl Trrnsverse 103,120 122,500 20.7 H8.¢ ‘
Aveonge Croas Section

of Core - BHN
Hear Central

Near Lige ares of
of Plate Pisate

wall *Lonzitudinagl 10,00 135,000 17.9 5603 £33

wall *Trangverse 114,000 157,000 12,9 38.% “

wnll selongitudinal 80,000 105,000 26.4 71.6 213

Al *®0ansVET DS 82,500 106,000 5.0 66.0

ball ‘LO:A;',i tudinal 93. 500 131 .Sm 17 . 9 55.9 ~y oy

eail *Trcnsverse 87,500 125,000 18.6 53.3 <7

vall *sLlongitudingl 80,000 107,900 25.C 70.7 ”

iwall s®Transverse 84,500 108,800 23.6 61.3 225

fwell *eLlongl tudinal 17,500 102,000 25.C 72.5 211

iwall **rzngverse 80,560 100,900  23.6 59.9

iwail  **Longitudinal 80,000 104,000 26,4 71.6 .

Seall s noverse 83,750 106,000 5.0 63.4 az

tlcnt belfwisy betwsen the center and surfasce of the plate.

1nte refers %6 = position halfway between the center and rear face.
1 ireas of ballistic test plate.

13.r eije of bullistic test plate.

>
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FAGE HARDENED ARMOR

MADE BY CARNEGIE-ILLINOIS STEEL CORPORATION
ROCKWELL"C" HARDNESS SURVEYS ACROSS THE CARBURIZED CASE
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Microstructure of 21" Thick Rolled Homogeneous
Armor Plates

X1000 Picral
“empered martensite.

Tempefbd}dartensitq, .
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